Background 45 Transposable elements (TE) are an important source of evolutionary novelty in gene 46 regulation. However, the mechanisms by which TEs contribute to gene expression 47 65 enhancers, and their tissue-specific enrichment correlates with tissue-specific 66 variations in the expression of the nearest genes.
LTRs; [1] [2] [3] ), Long Interspersed Nuclear Elements (LINEs, mostly L1s; (4) (5) ), Short 85 Interspersed Nuclear Elements (SINEs) of the Alu families [6, 7] , and SINE-VNTR- 86 Alus (SVAs; [8, 9] ). 87 Multiple elegant studies have demonstrated that TE sequences play a functional role 88 in eukaryotic gene regulation . Consistently, we recently demonstrated that 89 TEs are the primary source of evolutionary novelty in primate gene regulation, and 90 reported that the large majority of newly evolved human and ape specific liver cis-91 regulatory elements are derived from TE insertions [33] . Similarly, other studies 92 have shown that the recruitment of novel regulatory networks in the uterus was likely 93 mediated by ancient mammalian TEs [21, 22] , and that TEs have a role in 94 pluripotency [34] . Conversely, other researchers have proposed that TE exaptation 95 into regulatory regions is rare [35] , and that TE silencing may not be a major driver of 96 regulatory evolution in primates [36] . 97 Given these contrasting lines of evidence, we aimed to shed light on the contribution 98 of TEs to the evolution of the tissue-specific regulation of human gene expression. 99 For this purpose, we took advantage of publicly available data [37, 38] to investigate 100 patterns of TE overlap with tissue-specific histone modification states and to 101 characterize the contribution of TEs to tissue-specific gene expression. We find that 102 a significant fraction of the existing human TEs are enriched in regions of the 103 genome bearing epigenetic hallmarks of active or repressed chromatin, suggesting 104 they could potentially be actively regulated by the cellular machinery. DNA 105 transposons and SINEs represent the most frequently enriched classes across 106 tissues, while LTR-ERV1s are the TEs that more commonly show tissue-specific 107 enrichment and active regulatory activity. TE enrichment in active and repressed 108 chromatin exhibits tissue-specific patterns. Genes with consistent expression across 109 tissues are less likely to be associated with a local TE insertion. We detect multiple 110 instances of TEs showing tissue-specific enrichment in active and repressed regions, 111 and demonstrate that they contain binding sites for transcription factors that are 112 tissue-specific master regulators. 113 114
Results

115
Specific TE families are enriched in active and repressed genomic regions 116 To investigate the extent to which TEs contribute to the regulation of human 117 gene expression, we leveraged publicly available data from the Roadmap 118 Epigenomics Project [37] and from the GTEx Project [38] . We focused on 24 119 primary tissues and cell types that were processed by both consortia 120 ( Supplementary Table S1 ). Using five different histone modifications (H3K4me1, 121 H3K4me3, H3K36me3, H3K9me3, and H3K27me3), Roadmap segmented the 122 human genome into 15 regulatory classes, reflecting different degrees and types of 123 regulatory activity. We took advantage of this classification to define active 124 (H3K4me1, H3K4me3, H3K36me3) and repressed (H3K9me3, and H3K27me3) 125 chromatin regions in each of the studied tissues. 126 To test for TE enrichment in active and repressed chromatin, we used the TE-SINEs and "cut and paste" DNA transposons are the classes most frequently 139 enriched in active chromatin (Fig. 1b ). SINE families, the most abundant human TEs 140 (38.8% of the total), correspond to 43-66% of the TEs enriched in active regions 141 (FDR < 5%), these fractions being more than expected by chance in all tissues 142 (Proportion Test p < 2.2 x 10 -16 for each tested tissue). Similarly, DNA TEs, that 143 account for 11.3% of the annotated TEs, represent 29-47% of the transposons 144 enriched in active regions (Proportion Test p < 2.2 x 10 -16 for each tested tissue). In 145 general, SINE-Alu elements are the most commonly enriched TEs (Supplementary   146   Table S2 ). 147 Conversely, LTRs and LINEs are significantly depleted from active genomic 148 regions of all tissues (Proportion Test p < 2.2 x 10 -16 for each tested tissue; Fig. 1b ). 149 Finally, SINE-VNTR-Alus (SVAs), which are the least abundant TEs in the human 150 genome (0.12% of the total annotate TEs in the human genome), are significantly 151 overrepresented in active chromatin in 13/24 tissues; Fig. 1b ). 152 We set out to investigate the TEs overlapping active regions. These TEs are 153 depleted in active promoters and intergenic regions, but significantly enriched within 154 active regions inside gene bodies, and in particular in introns values in Fig. 1c ). More specifically, 96.3% of TEs enriched in gene bodies overlap 156 introns, in line with the normally observed distribution of introns and exons in the 157 human genome (Fig. 1c , Fisher's Exact Test p > 0.05). We speculate that genomic 158 regions containing active genes are more frequently accessible, thus providing a 159 substrate for TEs to insert. Moreover, TEs present in the bodies of active genes may 160 be less likely to be silenced than TEs in intergenic regions. 161 Using the same approach previously described for the active regions, we 162 searched for TEs enriched in repressed genomic regions. Overall, 314 human TE 163 families (25.4%) are significantly enriched in repressed regions of the genome in at 164 least one tissue (FDR <5%; Fig. 2a ; Supplementary Table S3 ). LTRs (predominantly 165 ERV1) represent the large majority of the repressed TEs (Fig. 2b) , followed by LINEs 166 (predominantly L1s) and DNA TEs. Notably, ERV LTRs and L1 LINEs are among 167 the most active TEs in the genome, and also have their own regulatory architecture 168 [40, 41] . We thus surmise that these autonomous active TEs may be preferential 169 targets of repressive marks. 170 We note a very high variability in the number TE families enriched in 171 repressed regions across tissues ( Fig. 2a ), as well as large differences in the 172 composition of enriched TE classes in the repressed regions. Notably, the tissues 173 that harbor the highest number of TE families enriched in repressed regions 174 (pancreas, aorta, lung, spleen, esophagus, breast, and liver; Fig. 2a ) are also those 175 displaying the highest numbers of enriched LINEs in the same repressed regions 176 ( Fig. 2b) . 177 178 Different TE repression patterns in the human genome 179 We examined whether TEs preferentially overlap regions repressed via 180 Polycomb Repressive Complex (H3K27me3) or via Heterochromatin (H3K9me3). 181 Overall, 78.6% of the regions classified as repressed in the human genome across 182 all tissues are bound by H3K27me3 (Polycomb Repressive Complex), while 21.4% 183 are marked by H3K9me3 (Heterochromatin conformation). However, when we 184 restrict the analysis to the repressed regions containing a TE, we report an overall 185 higher than expected overlap with H3K27me3 (median across tissues 85.5%; 186 Proportion Test across tissues p < 2.2 x 10 -16 ; Supplementary Table S4 ; Fig. 2C ), 187 and a consequent underrepresentation of H3K9me3 (median 15.5%; Supplementary   188   Table S4 ; Proportion Test p < 2.2 x 10 -16 ; Fig. 2d ). In 20/24 of the tested tissues, 189 TEs are marked by H3K27me3 more than expected by chance (Proportion Test p < 190 2.2 x 10 -16 for each of the 20 significant tissues; Supplementary Table S4 ). In the 191 remaining four tissues this histone mark is instead underrepresented, while 192 H3K9me3 is overrepresented: breast (H3K27me3 = 76.4%; Supplementary Table   193 S4; Proportion Test p < 2.2 x 10 -16 ), aorta (55.1%; Supplementary Table S3 ; p < 2.2 194 x 10 -16 ), lung (48.9%; Supplementary Table S4 ; p < 2.2 x 10 -16 ), and spleen (26.5%; 195 Supplementary Table S3 ; p < 2.2 x 10 -16 ). Notably, in these four tissues we detect 196 the highest numbers of TE families enriched in repressed regions ( Fig. 2a ), and the 197 highest proportion of repressed LINEs. We speculate that the heterochromatin state 198 (H3K9me3) may be employed to target specific TE classes and families in a context 199 specific manner [36] . 200 We therefore tested whether different TE classes correlate with either 201 heterochromatin (H3K9me3) or with Polycomb repressed chromatin (H3K27me3). 202 LTRs, LINEs, and SVAs are overrepresented in regions marked by H3K9me3 203 (Fisher's Exact Test p < 2.2 x 10 -16 ; Fig. 2d ). Conversely, SINEs and DNA TEs are 204 significantly more likely to overlap H3K27me3 than expected by chance (Fisher's 205 Exact Test p < 2.2 x 10 -16 ; Fig. 2d ). Notably, SVAs are depleted from the regions 206 marked by H3K27me3 ( Fig. 2d Supplemental Table S6 ). These TEs are largely vertebrate or mammalian specific 220 ( Supplemental Table S6 ). Notably, the only tissues with an enrichment of young TEs 221 (specifically primate specific) are blood related (Mononuclear and Lymphoblastoid 222 Cells). These results are in agreement with an elegant study that discovered a key 223 role of primate specific TEs in the regulatory evolution of immune response [25] . TE 224 families enriched in active regions across at least 20 of the 24 tissues correspond to 225 Table S2 ). Despite a lack of enrichment of all 226 young TEs taken together in active regions, 24 Alu families are in fact enriched in 227 active regions. 228 In contrast, young TEs (i.e. TE classes younger than the Eutheria lineage 229 split) are significantly enriched in the repressed regions of most tissues. In particular 230 human specific TEs are enriched in the repressed regions of all brain related tissues 231 (FDR <5%; Supplemental Table S6 ). These young TEs correspond to ERV LTRs, L1 232 LINEs, and SVAs, but only one family is found enriched in at least 20 tissues 233 (MER52A), which is in line with the broad cross-tissue variability of the TEs enriched 234 in repressed chromatin regions (see above). 235 Collectively, these data suggest that young TEs are predominantly silenced, while 236 the older TE fragments still detectable in the human genome are now more tolerated. 237 238 TE insertions are associated with gene expression variance across tissues 239 We employed GTEx data to test if TE insertions affect local gene expression. 240 For this purpose, we first assigned each TE overlapping an active genomic region to 241 its nearest gene transcription start site (TSS). Next, we divided all human genes in 242 four categories ( Supplemental Table S7 ): 1) Genes associated with TEs that are only 243 found in active regions across tissues; 2) Genes associated with TEs that are found 244 in active or repressed regions in a tissue-specific fashion; 3) Genes associated with 245 TEs that are only found in repressed regions; 4) Genes never associated with TE 246 insertions. Based on this classification, genes associated with a TE insertion in 247 regions that are active in at least one tissue are characterized by significantly higher 248 expression variance (normalized by mean expression) than genes either associated 249 to repressed TEs or not associated to a TE (Wilcoxon's Rank Sum Test p < 2.2 x 10 -250 16 ; Fig. 3) . Similarly, the genes associated with TEs exclusively found in active 251 regions have significantly higher expression variance than the genes associated with 252 TEs present in both active and repressed regions (Wilcoxon's Rank Sum Test p = 253 9.91 x 10 -8 ; Fig. 3 ). We reasoned that TE insertions may happen more likely at 254 longer genes located in gene deserts. However, even after correcting our model for 255 gene density and gene length, the gene expression variance is still positively 256 correlated with TE insertion in active regions (linear regression p < 2.2 x 10 -16 ). 257 Together, these findings suggest that genes with local TEs overlapping active 258 chromatin have higher variability in gene expression across tissues, and that genes 259 consistently expressed across tissues (e.g. housekeeping and other essential genes) 260 may be less tolerant towards TE insertions in their regulatory regions.
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Tissue-specific TE enrichment in active regions correlates with tissue-specific 263 gene expression 264 We compared the relative enrichment in active regions of each TE family 265 across tissues. Specifically, for each TE enriched in active regions (FDR < 5%), we 266 leveraged the Odd Ratios from the permutation test of the TE-Analysis pipeline to 267 compute Z-scores (i.e. effect sizes; see methods), and compare them across 268 tissues. We find that TE enrichment varies substantially across tissues 269 (Supplemental Table S5 ; Fig. 4 ), and many TEs exhibit tissue-specific enrichment in 270 active chromatin ( Fig. 4 ). For example, HERV15 (LTR) is significantly more enriched 271 in the liver and in the stomach mucosa compared to any other tissue ( Fig. 4) breast, and mice depleted of this gene showed increased breast cancer metastatic 288 potential [47] . Interestingly Charlie15a shows tissues-specific depletion in the 289 mononuclear blood cells ( Fig. 4) , highlighting a potential tissue-specific regulatory 290 activity.
291
To assess the robustness of the enrichment of X7C and Charlie15a in the breast, we 292 ran the TE-Analysis pipeline on publicly available H3K27ac and H3K4me1 data 293 generated by Encode from the breast epithelium and from the MCF7 cell line [48] . 294 Notably, these two TEs were also significantly enriched in the Encode data (FDR < 295 5%), suggesting that batch effects are unlikely strong drivers of this trend. 296 Analogously, LTR13_ is the most enriched TE in the active chromatin of 297 pancreas and Lymphoblastoid Cell Line (LCL). These LTR copies are enriched for 298 binding sites for SOX9 and PRDM1/Blimp-1 ( Fig. 5d Table S4 ). We first assessed the potential contribution of SVAs to gene regulation of 340 two of these tissues: the adipose nuclei and the liver. 341 In both tissues, SVAs provide binding sites for key transcription factors ( Test p = 0.0002; Fig. 5h ), suggesting that SVA elements can work as transcriptional 351 activators, at least in the adipose tissue. 352 In the liver, SVAs in active regions are enriched for hepatic regulators like 353 CPEB1, that mediates insulin signaling in the liver ( Fig. 5j; Supplementary Table S1 ).
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From each of the 24 BED files, we produced two different files: one for the regions 442 enriched with epigenomics hallmarks of active chromatin (hereafter "active regions".
443
Histone marks: H3K4me1, H3K36me3, H3K4me3. Roadmap annotations: "TssA", 444 "TssAFlnk", "TxFlnk", "Tx", "TxWk", "EnhG", "Enh", "TssBiv", "EnhBiv"), and one 445 for the regions with signature of repressed chromatin (hereafter: "repressed regions". 446 Histone marks: H3K27me3, H3K9me3. Roadmap annotations: "Het", "ReprPC", 447 "ReprPCWk"). 448 For each tissue, we tested for TE enrichment in the "active" and "repressed" 483 We calculated the variance and mean of the TPM (Transcripts Per Million) for each 484 gene using GTEx data. We assigned each TE overlapping an active or a repressed 485 region to the closest gene, based on the distance to the nearest transcription start 486 site. Next, we divided all human genes in four categories: 1) Genes associated with 487 TEs that are only found in active regions across tissues; 2) Genes associated with 488 TEs that are found in active or repressed regions in a tissue-specific fashion; 3) 489 Genes associated with TEs that are only found in repressed regions; 4) Genes never in each tissue. The higher the Z-score, the more tissue-specific is the enrichment. E062  E063  E065  E066  E067  E068  E069  E071  E072  E073  E075  E076  E079  E095  E096  E097  E098 
Correlation between TE insertion and variance in gene expression
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